Bacterial cold adaptation in Exiguobacterium sibiricum 255-15 was studied on a proteomic scale using a 2-D liquid phase separation coupled with MS technology. Whole-cell lysates of E. sibiricum 255-15 grown at 47C and 257C were first fractionated according to pI by chromatofocusing (CF), and further separated based on hydrophobicity by nonporous silica RP HPLC (NPS-RP-HPLC) which was on-line coupled with an ESI-TOF MS for intact protein M r measurement and quantitative interlysate comparison. Mass maps were created to visualize the differences in protein expression between different growth temperatures. The differentially expressed proteins were then identified by PMF using a MALDI-TOF MS and peptide sequencing by MS/MS with a MALDI quadrupole IT TOF mass spectrometer (MALDI-QIT-TOF MS). A total of over 500 proteins were detected in this study, of which 256 were identified. Among these proteins 39 were cold acclimation proteins (Caps) that were preferentially or uniquely expressed at 47C and three were homologous cold shock proteins (Csps). The homologous Csps were found to be similarly expressed at 47C and 257C, where these three homologous Csps represent about 10% of the total soluble proteins at both 47C and 257C.
Introduction
Low temperature is a predominant environmental characteristic of most parts of the earth's surface. Approximately 70% of the earth's surface is covered by oceans with an average temperature of 47C while over 20% is occupied by permafrost. Often, in these harsh environments, the only form of life is bacteria [1] [2] [3] [4] [5] . These bacteria have apparently developed various adaptive mechanisms that allow them to survive in such hostile environmental conditions through longterm evolutionary processes. Among such adaptive processes, not only the bacteria themselves might be affected by environmental low temperature and induced cold adapted features, but also the production of organic molecules within them, such as enzymes and proteins that sustain their metabolism. In the discussion of bacterial low temperature adaptation, specific sets of cold shock proteins (Csps) and cold acclimation proteins (Caps) have been considered to facilitate and allow cell growth at low temperature. The term "Csps" is used here for proteins that are transiently overexpressed after an abrupt shift to a low temperature, and the term "Caps" is used for proteins synthesized at a greater level during continuous growth at low temperature as compared with high temperature. The response to cold temperature has been extensively studied in mesophilic, psychrotrophic, and psychrophilic bacteria such as Escherichia coli [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , Bacillus subtilis [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , Bacillus cereus [31] , Bacillus psychrophilus [32] , Arthrobacter globiformis SI55 [33, 34] , Enterococcus faecalis [35] , Listeria monocytogenes [36] [37] [38] , Mycobacterium tuberculosis [39] , Pseudomonas fragi [40] [41] [42] , Salmonella typhimurium [43] [44] [45] , Streptomyces clavuligerus [46] , and Trichosporon pullulans [47] . The mechanism of bacterial response to cold temperature is still poorly understood, while this problem is of great importance with regard to ecological safety and the development of ecological biotechnologies in the temperate and subpolar climatic regions.
Exiguobacterium sibiricum 255-15 is a nonspore forming Gram-positive bacterium of the family Bacillaceae and was first isolated from a 2 to 3 million-year-old Siberian permafrost sediment [48] . This bacterium strain was found to grow well at 22.57C and remain physiologically active down to at least 2127C [49, 50] . This strain was chosen for sequencing based on its excellent survival after a long-term freeze, rapid growth at low temperature and the age of the permafrost sediment from which it was originally isolated. E. sibiricum 255-15, together with other permafrost inhabiting bacteria, may serve as a model for low temperature exobiological niches on Mars and other planets and satellites in our solar system.
Bacterial cold adaptation at the protein level has been most successful when applied to small sets of proteins isolated in specific functional contexts. However, to be biologically useful, as opposed to simply highlighting analytical methods, large-scale proteomic studies are needed to underlie all cellular processes. No method or instrument exists that is able to identify and quantify the components of complex protein samples in a simple, single-step operation. Rather, different components for separation, identification, and quantification as well as tools for data analysis must be combined together [51] . We have developed a 2-D liquid separation-based proteomic technology to compare protein profiling in human cells [52] [53] [54] [55] [56] [57] [58] as well as bacterial samples [59] . The entire method is performed in the liquid phase and, consequently, could be directly coupled with ESI-TOF MS for accurate intact protein M r measurement and interlysate quantification. MS-based interlysate quantification provides high reproducibility compared with 2-DE in which poor reproducibility is always an issue for comparing sample-tosample protein expression.
In the present work, the 2-D liquid phase separation coupled with ESI-TOF MS, MALDI-TOF MS, and MALDI-QIT-TOF MS has been demonstrated to be a rapid and effective means to study cold adaptation in E. sibiricum 255-15 at the proteome-wide scale. The accurate M r from ESI-TOF MS that is not available in 2-DE separation, together with pI, provides an essential factor for protein identification in complex protein samples. As a result, over 500 proteins were resolved in the 2-D liquid separation and 256 of which were positively identified by PMF with MALDI-TOF MS and peptide sequencing by MS/MS using MALDI-QIT-TOF MS. Among these proteins 39 Caps were preferentially or uniquely expressed at low temperatures, which are probably one of the key determinants that allow life at low temperatures.
Materials and methods

Chemicals
BSA, DTT, n-octyl-b-D-glucopyranoside (OG), glycerol, phenylmethanesulfonyl fluoride (PMSF), iminodiacetic acid, TFA, ammonium bicarbonate (NH 4 HCO 3 ), urea, thiourea, Tris-base, 1,3-bis[tris(hydroxymethyl methylamino] propane (Bis-tris propane), a-cyanohydroxycinnamic acid (CHCA), angiotensin I, angiotensin II, human adrenocorticotropic hormone (ACTH) fragment 1-17, ACTH fragment 18-39, bradykinin fragment 1-7, P14R, sodium chloride (NaCl), hydrochloric acid (37%), HPLC-grade ACN, and 2-isopropanol were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-tosyl-l-phenylalanine chloromethyl ketone (TPCK)-treated trypsin was supplied from Promega (Madison, WI, USA). Formic acid (98-100%) was purchased from Riedel de Haen (Seelze, Germany). Tryptic soy broth (Difco) and yeast extract (Difco) were obtained from Fisher Scientific. Polybuffer 74 and 96 were purchased from Amersham Pharmacia Biotech (Piscataway, NJ). 2,5-Dihydroxy benzoic acid (DHB) was purchased from LaserBio Labs (SophiaAntipolis, Cedex, France). Deionized water was obtained using a Milli-Q water filtration system (Millipore, Bedford, MA).
Cell culture and sample preparation
The E. sibiricum 255-15 cell pellets used in this study were obtained from the Department of the Food Science at North Carolina State University. All cells were cultured in tryptic soy broth with 7% yeast extract to mid-log phase (OD = 0.7). The cells were washed with 50 mM Tris-HCl (pH 7.5) for three times before they were frozen at 2807C. The cell pellets were shipped on dry ice.
Cell pellets 0.2-0.5 g were resuspended in 5 mL of lysis buffer (pH 7.3) containing 50 mM Tris-HCl, 6 M urea, 2 M thiourea, 0.1 M DTT, 2% OG, and 2 mM PMSF and then vortexed for 2 min. After being sonicated for 10 min, cell walls and other insoluble debris were removed by centrifugation at 40 000 rpm for 20 min at 47C (Model L-70 Ultracentrifuge, 80 Ti Rotor, Beckman-Coulter, Fullerton, CA, USA). The resulting whole-cell lysates were desalted using a PD-10 Sephadex G-25 gel filtration column (Amersham Biosciences, Piscataway, NJ, USA) and the protein concentration was determined using the Bradford-based protein assay (BioRad, Hercules, CA, USA) with BSA as a standard.
Chromatofocusing
A Beckman Gold HPLC equipped with model 127S pump and model 166 detector (Beckman-Coulter) was used in the CF separation. The separation was performed on an HPCF-1D column (250 mm62.1 mm) (Eprogen, Darien, IL) on which a linear pH gradient was generated using a start buffer (SB) and elute buffer (EB). The upper limit of the pH gradient was determined by the SB (25 mM Bis-tris propane, pH 8.5) and the lower limit was determined by the EB (3% v/ v polybuffer 74, 7% v/v polybuffer 96, pH 4.0). Both buffers were prepared in 6 M urea and 0.1% OG with the pH adjusted using iminodiacetic acid. A total of 5 mg extracted proteins were loaded on the CF column that was equilibrated at 0.2 mL/min with the SB for 2 h followed by elution with the EB at the same flow rate. After the pH gradient was finished, the column was washed with 1 M NaCl solution to elute the proteins with the pI values lower than 4.0. The pH was detected online by an off-column pH electrode (Lazar Research Laboratories, Los Angeles, CA) and the separation was monitored at 280 nm. Effluent from the CF separation was collected from pH 8.5 to 4.0 every 0.3 pH unit intervals. All fractions were then stored at 2807C for NPS-RP-HPLC separation.
NPS-RP-HPLC online coupled with ESI-TOF MS
Using the same HPLC system, the NPS-RP-HPLC separation was performed at a flow rate of 0.5 mL/min on a 33 mm64.6 mm ODS III column packed with 1.5 mm nonporous silica beads (Eprogen). The column temperature was maintained at 607C using a Model 7971 column heater (Jones Chromatography, Resolution Systems, Holland, MI, USA) to improve the resolution and speed of separation. The separation was performed using a water (solvent A) and ACN (solvent B) gradient; both of which contained 0.1% v/v TFA. The gradient profile used was as follows: (1) A postcolumn splitter was used after NPS-RP-HPLC so that half of the effluent was collected for further MS-based identification and the other half was directly online monitored by the ESI-TOF MS (LCT, Micromass, Manchester, UK). To improve the ionization efficiency, a 10% formic acid solution was continuously infused into the splitter at 5 mL/min by a syringe pump to be mixed with the effluent before being delivered into the ionization source. The LCT parameters were set as follows: capillary voltage at 3200 V, sample cone at 45 V, extraction cone at 3 V, reflection lens voltage at 750 V, desolvation temperature at 2507C, source temperature at 1207C, desolvation gas at 600 L/h, and nebulizer gas flow at the maximum. ESI-TOF MS was externally calibrated by directly infusing NaI-CsI standard solution and internally normalized by adding 1 mg of insulin as a standard for the quantification of each protein based on its peak area. During the separation, one spectrum was acquired per second. The intact M r was obtained by deconvoluting the multiplecharged-ion umbrella of the ESI-TOF MS spectra into a MaxEnt spectrum on a real-mass scale by MassLynx 4.0 software (Micromass). Deconvolution was performed using a target mass range of 4-95 kDa, 1 Da resolution, 0.75 Da peak width, and 65% peak height value.
Tryptic digestion
The collected NPS-RP-HPLC fractions were first concentrated to 80 mL by a SpeedVac concentrator (Centrivap Concentrator, Labconco, Kansas City, Missouri, USA) to remove ACN and TFA followed by the addition of 10 mL of 1 M NH 4 HCO 3 and 10 mL of 100 mM DTT to neutralize the remaining TFA and to denature the protein. The mixtures were incubated at 377C for 20 min, and then 0.5 mg TPCKtreated trypsin was added to start the digestion. The digestion was maintained at 377C for 24 h and terminated by adding 2 mL TFA. Before MS-based identification, tryptic digests were desalted and preconcentrated in 5 mL of 60% ACN with 0.1% TFA using 2 mm C18 Zip-Tips (Millipore).
MALDI-TOF MS
In preparation for MALDI-TOF MS analysis, a saturated CHCA matrix solution in 60% ACN with 0.1% TFA was freshly prepared. Angiotensin I ([M 2465.20) were added as internal standards into 1:4 diluted matrix solution and 0.5 mL of the resulting solution was spotted on a 96-spot MALDI plate (Micromass) followed by layering 0.5 mL peptide sample on top of the spot. Peptide mass was measured on a Micromass TofSpec2E system (Micromass/Waters, Milford, MA, USA) equipped with a 337 nm nitrogen laser source and delayed extraction. The MALDI-TOF MS was operated in positive ion reflector mode and the parameters were set as follows: reflectron voltage at 25 kV, operating voltage at 20 kV, pulse voltage at 2 kV, delay time at 520 ns, reflectron ratio at 1:3, suppression setting at 500 V, and sampling rate at 2 GHz. The final MALDI spectrum was summed over the average of 100-150 spectra and calibrated with the three internal standards within 50 ppm. The peptide masses were obtained using MassLynx 4.0 over the range of 800-4000 Da and then submitted to MS-Fit (http://prospector.ucsf.edu/ucsfhtml4.0/ msfit.htm) for protein identification. The NCBInr database was searched with a mass tolerance of 50 ppm and one missed cleavage set as fixed parameters.
MALDI-QIT-TOF MS/MS peptide fragmentation and sequencing
Mass spectrometric peptide fragmentation and sequencing were performed on an Axima MALDI-QIT-TOF mass spectrometer (Shimadzu Corporation, Kyoto, Japan and Kratos 
Results and discussion
Protein purification using 2-D liquid phase separation
Using the 2-D liquid phase separation method followed by ESI-TOF MS intact protein molecular mass measurement, 2-D mass maps as shown in ESI-TOF MS analysis. A differential mass map was created by point-by-point subtraction to compare the protein expression of different samples. The actual resolution, relative quantification, and mass accuracy of specific protein bands were recovered from the original ESI-TOF MS data. Most of the proteins were similarly expressed at the two temperatures, which were referred to as housekeeping proteins. They are essential for the proper function of the bacterial cells during the cold adaptation process. In this study, we were most interested in the Caps that were preferentially or uniquely expressed at the low temperature. Using a relative abundance threshold of two, differentially expressed proteins were then identified by subsequent peptide mapping using MALDI-TOF MS and peptide sequencing with MALDI-QIT-TOF MS.
Protein identification by PMF using MALDI-TOF MS
Proteins eluted from HPLC were digested by trypsin and peptide mass maps were obtained using MALDI-TOF MS.
The peptide masses were submitted to NCBInr by MS-Fit software for protein identification. The identification was based on the suggestion that at least five matched peptides with mass accuracy of 50 ppm and sequence coverage of at least 20% [60] . Although this approach has been proven to be a successful means in protein identification, in practice, however, it is often difficult to obtain protein identification largely due to an insufficient number of detected peptides. Peptides were often prevented from being observed by weak response of lysine-terminated peptides, internal fragmentation, nonspecific and incomplete enzymatic digestion, and modification. In Table 1 , the first 31 listed proteins were identified using the PMF method and had more than five theoretical tryptic peptides in the "working range" of MALDI-TOF MS with uracil phosphoribosyltransferase hav- ing the highest sequencing coverage of 83%. All identities were confirmed by intact M r values from online NPS-RP-HPLC/ESI-TOF MS experiments. In contrast, the last 11 proteins in the table were not identified with 4 peptides detected, which did not meet the requirement for protein identification by the PMF method and thus need to be sequenced by MS/MS for identification. Although these proteins could not be identified using the PMF method, peptide maps from MALDI-TOF MS provided very important information of potential interesting peptides for further sequencing using MALDI-QIT-TOF MS.
The intact M r is extremely important in terms of protein identification using peptide mapping and peptide sequencing. With the use of an accurate M r one can find the potential protein ID among several possibilities in protein database searching. Also, there are often isoforms and truncated forms of proteins and the M r provides confidence as to which form is being studied. In addition, there may be several proteins that are of similar M r and difficult to distinguish; however, with the use of accurate M r measurements one can readily identify the presence of these proteins [57] . The discrepancy between the experimental and the theoretical M r values in Table 1 may result from as yet unidentified PTMs or protein truncation. There is an M r associated with each protein identified in this work.
Protein identification by peptide sequencing using MALDI-QIT-TOF MS
Another protein identification method is based on peptide sequencing using peptide CID spectra. CID amide bond fragmentation along the length of the peptide generates b-and y-ions, which reveal the peptide sequence. Protein identification is obtained by searching the protein database with the detected fragment ions in the experiment. The MALDI-QIT-TOF MS used in the work provides high sensitivity and resolution as well as the advantage of sharing the same sample preparation procedure with MALDI-TOF MS. Proteins analyzed by MALDI-TOF MS can be reanalyzed by MALDI-QIT-TOF MS after placing a new sample spot on the MALDI-QIT-TOF plate. The quality of MS/MS data and the effectiveness of using MALDI-QIT-TOF MS in protein identification have been discussed [61] [62] [63] . Protein identification by peptide sequencing is more reliable than that achieved by PMF and may allow the identification of proteins based on a single peptide fragmentation sequence [51] . The major advantage of this method is that the small proteins that are difficult to identify by PMF due to an insufficient number of detected peptides may be identified using peptide sequencing if the peptide signal and its fragment signals are of sufficient intensity. In the case of 7.150 kDa Csp, only one peptide with M r of 1098 was detected by MALDI-TOF MS. The peptide was then subjected to MALDI-QIT-TOF sequencing and the resulting CID spectrum in Fig. 2 shows b-and y-ions with rich sequence information. When the parent ion and product ions were used to search against NCBInr using MASCOT software, a 7.150 kDa Csp was identified with the corresponding peptide sequence comprising amino acids 40-56. Its identity was confirmed by an accurate M r measurement in Fig. 3 in which two of the multiple-charged-ion umbrellas of ESI-TOF spectra were as shown in Fig. 3A and B and the intact M r values obtained by deconvoluting Fig. 3A and B into a MaxEnt spectrum on a real-mass scale are shown in Fig. 3C and D. In this case, proteins of 7.150 and 7.414 kDa coeluted at both 47C and 257C, while a protein of 7.444 kDa was expressed only at 47C. In order to identify these proteins, the tryptic digests of the RPLC fraction that contain all these proteins were peptide mapped by MALDI-TOF MS (Fig. 4) , and each of the detected peptides was then subjected to MALDI-QIT sequencing. Two possible homologous Csps with the same molecular mass of 7.409 kDa but slightly different pH values of 4.55 and 4.41 were detected by MALDI-QIT-TOF sequencing when the peptide 1937 (SLDEGQEVSFEVEEGQR) was submitted for CID fragmentation as show in Fig. 5 . Identities of both proteins were confirmed with the fragmentation of peptide 2098 (ESGDDVFVHFSAIQTDGFK) (Fig. 6 ) and 2125 (ENGDDVFVHFSAIQTDGFK) (Fig. 7) , which were also reconfirmed by the accurate M r measurement as shown in Fig. 3 . Using peptide sequencing by MALDI-QIT-TOF MS, all the proteins not identified by PMF in Table 1 were identified.
Homologous Csps
The three Csps discussed above have similar M r , pI, and amino acid sequence with 65.15, 66.67, and 59.09% overlap with the sequence of major CspA in E. coli and over 74% when compared to CspB, CspC, and CspD in B. subtilis (Table 2) , which suggests that these three Csps are the major homologous Csps in E. sibiricum 255-15. An interesting finding in this study is that, unlike in E. coli and B. subtilis, the three Csp family homologous proteins were found similarly expressed at 257C and 47C based on ESI-TOF MS analysis. In fact, the three Csps represent about 10% of the total soluble proteins in cells grown at both 47C and 257C. This result suggests that the genes for these proteins are turned on continuously to produce proteins to protect the cells from cold damage. Such behavior has been observed in other extremophiles such as psychrobacter where it has been shown in gene expression array studies that certain genes are always expressed. Apparently, these organisms which survive for long periods of time under cold conditions have adapted such a continuous expression as a means of survival [64] .
Caps
Caps characterized as Csps in E. coli
From peptide mapping and peptide sequencing analysis, 39 identified proteins with M r ranging from 7 to 95 kDa presented an increased level of synthesis at the lower tempera- ture and were considered to be Caps, 16 of which were not detected at 257C. Some of these Caps were characterized as Csps in E. coli, such as trigger factor (TF) and pyruvate dehydrogenase. TF is a molecular chaperone with prolyl isomerase activity that may be a bottleneck in the folding of some polypeptides at low temperature. TF can be crosslinked to the nascent polypeptide chain on the ribosome and binds to the GroEL chaperone. This TF enhances the affinity of GroEL toward unfolding proteins and activates the degradation of some polypeptides [65] [66] [67] . Unlike the TF, the role of pyruvate dehydrogenase has not yet been well understood. Presumably, they are involved in the intensification of glycolysis and the suppression of the tricarboxylic acid cycle, i.e., in the processes that are observed upon the retardation of cell growth, and the adaptation of cells to stresses [12, 68, 69] .
Caps characterized as other stress-induced proteins
Like in E. coli, the overexpression of heat shock protein 70 (Hsp70) molecular chaperones was also observed in E. sibiricum 255-15 during the cold adaptation process. Most heat shock proteins may function as molecular chaperones that play an important role in protein folding. It seems that folding of exiguobacterial proteins at near-freezing temperatures is also jeopardized and, therefore, Hsp70 and other heat shock proteins are required. Thus, these so-called "heat shock proteins" are not simply heat shock-specific proteins. They should more appropriately be called "temperaturestress proteins." Hsp molecular chaperones were found to be actively synthesized in response to heat, cold, and chemical stress [70] . Based on the 2-D mass map analysis, phage shock protein A (PspA) was the most differentially expressed protein at different growth temperatures whose expression ratio was over 70. Presently, the exact function of PspA remains elusive. Various stress conditions, including severe heat shock, cold shock, osmotic shock, and exposure to ethanol [71] [72] [73] , which is involved in protein translation across the cytoplasmic membrane, have been reported to induce expression of the Psp operon. These stress conditions might all lead to the dissipation of the proton-motive force, and it has been demonstrated that expression of the Psp operon, and more specifically of PspA, helps the cells to maintain the proton-motive force under such stress conditions [74] . Penicillin tolerance protein was also found greatly overexpressed at 47C. These facts suggest that a single stress could induce other stress-induced proteins that are organized in a complex and highly sophisticated adaptation network.
Enzymes
E. sibiricum 255-15 is able to grow efficiently at near-freezing temperatures. Clearly, this organism has found mechanisms of temperature compensation in order to cope with the reduction of chemical reaction rates induced by low temperatures. Synthesizing more enzymes and synthesizing cold-efficient enzymes are two possible means for adaptation [75] . Adjustment of enzyme concentration has been reported during cold adaptation. For instance, increased expression of polynucleotide phosphorylase has been detected in E. coli at low temperatures [76] . Another mechanism for survival is to possess enzymes with temperature-independent reaction rates. This is the case of perfectly evolved enzymes, however such enzymes are relatively rare: typical examples are carbonic anhydrase, acetylcholinesterase, and triosephosphate isomerase. In this study, the higher level of triosephosphate isomerase has been detected in a cold adapted population of E. sibiricum 255-15. Perfectly evolved enzymes could be extremely useful to probe the various hypotheses related to enzyme adaptation because, apparently, they do not need to be adapted to low temperatures from a kinetic point of view. In this study, 28 out of 39 identified Caps are enzymes. Although the roles of these enzymes concerning how they interact together to maintain the adequate metabolic fluxes need to be further studied, it is possible that these enzymes maintain the bacterial metabolism enabling the cells to adapt to cold temperatures.
Possible PTM
From ESI-TOF MS measurement in Fig. 3 , a protein of 7.442 kDa coeluted with the three homologous Csps at 47C, which suggests that this 7.442 kDa protein might play an important role in the physiology of the cells during cold adaptation. From the peptide map obtained from MALDI-TOF MS analysis in Fig. 4 , there were no detected peptides that could be assigned to a protein other than the three coeluted Csps. Based on the mass difference of this protein and the three identified Csps, this protein may be another homologous Csp with the above three or be a post-translationally modified Csp that was induced during the cold adaptation process.
Concluding remarks
At the proteomic level, 2-D liquid separation coupled with ESI-TOF MS, MALDI-TOF MS, and MALDI-QIT-TOF MS provides rapid, accurate, and reproducible protein fractionation and identification in the study of cold adaptation in E. sibiricum 255-15. The accurate M r of protein from ESI-TOF MS, together with the pI from CF, is essential for protein identification and characterization. The results from this study indicated that the adaptive nature of E. sibiricum 255-15 at near-freezing temperatures could be regulated by cellular physiological processes through the regulation of certain cellular proteins. Although the cold adaptation is still far from being properly understood, it is possible that new and increasingly synthesized proteins at the low temperature may support temperature homeostasis and enable the cells to adapt to the near or below-freezing temperatures. Chaperone proteins could be involved in the protection of proteins from denaturation and damage when E. sibiricum 255-15 cultures were exposed to cold temperature. Moreover, the unique nature of these proteins, differing from previously reported Csps, also warrants further enquiry. 
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